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Fig. 32. Residuals of the synthetic photometry of Ca H and K for a
sample of 48 stars from Aguado et al. (2019) as a function of GBP−GRP
colour and G magnitude, left and right panels, respectively. These stars
have spectroscopic [Fe/H]<−2 dex. The colours of the symbols reflect
their CaHK synthetic magnitudes. We highlight the zero deviation line
in grey. The residuals do not seem to correlate with GBP−GRP colour.

−0.1 0.0 0.1 0.2 0.3 0.4 0.5

(C1M395 - C1M410)0 [mag]

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

(C
1M

51
5

-
C

1M
41

0)
0

[m
ag

]

giant stars
∑
σ2
f/f

2 < 0.022 −3.0

−2.8

−2.6

−2.4

−2.2

−2.0

[F
e/

H
]

[d
ex

]

Fig. 33. C1 colour-colour diagram sensitive to metallicity and corrected
for extinction. The histogram shows the distribution of a random subset
of 5112 giant stars with [Fe/H]<−2 dex from Huang et al. (2022) with
a total fractional flux uncertainty in the C1 bands of below 0.02. The
colours refer to their photometric iron abundance estimates with the
scale on the right-hand size. The round symbols indicate the 48 stars
(not only giants) from Pristine discussed in Sect. 5.4 on the same scale
using their spectroscopic estimates. The x and y axes are equivalent to
CaII and MgH indices, respectively.

half a million very metal-poor stars. Their method to estimate
APs exploits multiple colour relations and often depends on dis-
tinguishing giants and dwarfs. Of those, we extracted a random
sample of about 26 000 giant stars with XP spectra in Gaia DR3,
which provided us with [Fe/H] and A0 estimates. We used the
Gaia EDR3 extinction relations to obtain AG and further the rela-
tions from Appendix H to obtain the coefficients in the C1 bands.

Figure 33 shows in the (C1M396−C1M410) versus
(C1M515−C1M410) colours the stars that have a total fractional
uncertainty of

σf

f
≡

√(
σC1M395

fC1M395

)2

+

(
σC1M410

fC1M410

)2

+

(
σC1M515

fC1M515

)2

< 0.02. (20)

The metallicity gradient is strikingly visible, demonstrating the
reliability of the C1-based indices even in the very metal-poor
regime.

We remark that (C1M396−C1M410) colour is nearly equiva-
lent to the (CaHK−C1M410) colour. Therefore, we indicated on
Fig. 33 the previously mentioned Pristine stars for comparison.
The latter are not specifically giant stars, but are mostly turn-off

stars, and therefore concentrate in the top left corner of the plot.
However, they also agree with the scale from Pristine. This com-
parison allows us to draw the conclusion that XPSP can transfer
knowledge from SkyMapper to Pristine (or the other way around
if the latter sample is larger). In particular, this means a common
metallicity scale, which is often an issue when comparing sur-
veys. Finally, the XP spectra will offer a significantly large suite
of passbands to explore metallicity estimates in a very new man-
ner across the entire sky.

One major limitation of the XPSP is that very metal-poor
stars are intrinsically faint in BP. As Gaia DR3 limits the avail-
ability of the stellar XP spectra to G < 17.65 mag, a large
fraction of the sources in Aguado et al. (2019) and Huang et al.
(2022) remain beyond the reach of Gaia DR3. However, XPSP
data offer a robust set of photometric calibrators across the entire
sky and therefore a larger common ground to transfer knowledge
between surveys.

5.5. Classification of emission line sources

Among the algorithms devoted to the analysis of XP spectra
for Gaia DR3, the ESP-ELS Apsis module is designed to iden-
tify six classes of ELS: Be stars, Herbig Ae-Be stars, T Tauri
stars, active M dwarf stars, Wolf-Rayet (WR) stars, and plan-
etary nebulae (PNe; Fouesneau et al. 2023). The selection and
classification is based on the use of two Random Forest clas-
sifiers trained on libraries of synthetic spectra as well as on
observed BP/RP data obtained for a sample of reference ELSs
(see detailed description of ESP-ELS in online documentation).
To study the extent to which ESP-ELS results can be repro-
duced using XP-based synthetic photometry, we chose a custom
system, ELS_custom_w09_s221, which is illustrated in Fig. 34.
This latter is composed of three narrow passbands with Gaussian
shape and located at the rest frame wavelength of the Hβ, [OIII]
5007, and Hα lines. It is complemented with three passbands
aimed at sampling the continuum in spectral regions adjacent to
the lines of interest and with minimal contamination from other
emission lines, and by the wide SDSS r and i bands. All the TCs
have R f ≥ 1.4 (see Appendix B).

In order to have a reference sample, we extracted ELS from
the SIMBAD22 database and obtained a total of 1962 Be stars,
143 Herbig Ae/Be objects, 3704 T Tauri stars, 269 WR stars,
and 593 PNe, while active M dwarfs are not considered in our
experiment. We also selected 102 763 targets with no ELS clas-
sification and 196 801 targets randomly taken from the IPHAS
catalogue, taken from Scaringi et al. (2018), with no overlap
between them. All of these stars are labelled ‘Other’ and rep-
resent normal non-emitting stars. We then cross-matched the
sources with EDR3 using the CDS x-matcher, and selected the
closest target within 1.0′′. The comparison between the clas-
sification provided by Simbad and that by ESP-ELS is shown
in Fig. 35. The precision of ESP-ELS is excellent, between
87% and 99% in the different classes, except for the Herbig
Ae/Be stars, for which ESP-ELS correctly classify only 25% of
the predicted sources. Despite the good results, the number of
ELSs predicted as NO-ELSs demonstrates the quite conservative
approach adopted by ESP-ELS; there are 5124 objects that are
labelled as non-emitters, whereas these objects are ELSs accord-
ing to SIMBAD.

21 This newly defined system is included in the list that can be used to
get XPSP by means of GaiaXPy (Sect. 6.1).
22 http://simbad.u-strasbg.fr/simbad/
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Fig. 34. ELS_custom_w09_s2 normalised transmission curves.

Fig. 35. Confusion matrix between ESP-ELS classification (predicted
label) and Simbad (true label). For each class, the percentages refer to
the fraction of true positives with respect to the total number of objects
predicted by ESP-ELS for such a class (precision).

The following validation datasets were selected in order to
cross-validate ESP-ELS classification results and, at the same
time, demonstrate the classification capabilities of the chosen
photometric system: (i) the selection of ELS described above,
which add up to a total of 6671 objects; and (ii) the 196 801
IPHAS targets also described above, representing non-emitting
stars (IPHAS sample, hereafter). Specifically, we wish to deci-
pher the degree to which a classification based on narrow-band
XPSP reproduces the results by ESP-ELS. For simplicity, we
limit to the classification between ELS and non-ELS.

We combine a supervised method to classify the objects,
namely Random Forest, with an unsupervised algorithm, t-SNE
(van der Maaten & Hinton 2008), to group and picture the classi-
fication results. We also show two colour–colour diagnostic plots
to visualise them. Three experiments were performed on differ-
ent inputs:
1. All filters in ELS_custom_w09_s2 synthetic photometry.
2. ELS_custom_w09_s2 synthetic photometry except bands

for Hβ, O3, and their respective continua.

Fig. 36. Confusion matrices obtained using a Random Forest algorithm
to separate between ESP-ELS emitting and non-emitting objects for
experiments 1, 2, and 3 (see text for details). For each class, the per-
centages refer to the fraction of true positives with respect to the total
number of objects predicted by ESP-ELS for such a class (recall).

3. ELS_custom_w09_s2 synthetic photometry plus informa-
tion from several band combinations: r–Hα, r − i, Hα–
Hαcont, and Hβ–Hβcont.

We divided the objects into a training set composed of 5124
ELSs (labelled as non-emitters by ESP-ELS, but found to be true
emitters in Simbad) and the same number of non-ELSs randomly
taken from our IPHAS sample. Once trained, Random Forest
was tested on the remaining ESP-ELS emission line stars (1595
objects) plus the remaining IPHAS objects. The confusion matri-
ces obtained for experiments 1, 2, and 3 are shown in Fig. 36. In
this case, the fractions reported in the confusion matrices are not
the precision (the number of true positives divided by the number
of objects predicted in that class) as in Fig. 35, but the recall, that
is, the fraction of predictions matching the classification taken as
‘truth’; in this case the ESP-ELS classification23.

The confusion between classes is below 7.1% in both emit-
ting and non-emitting objects. This indicates that all the tested
combinations of synthetic passbands are well suited for the clas-
sification of ELSs. By including the Hβ and O3 passbands, the
number of false positives (FPs) diminishes (from 6% to 2.8%)

23 Adopting the notation introduced below, precision = TP/(TP + FP),
and recall = TP/(TP + FN).
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Fig. 37. t-SNE and colour–colour diagrams representing the sample of emitting and non-emitting stars, classified using a Random Forest algorithm
on XP synthetic photometry (experiment 3). Legend as follows: TP: true positives; TN: true negative; FP: false positive; FN: false negative.

but the number of false negatives (FNs) increases (from 5.5% to
7.1%). The best classification results are obtained in experiment
3, where only two ELS are predicted as non-ELS, while keeping
the number of FNs to only 3.5%.

Subsequently, we applied the t-SNE algorithm to the vali-
dation data, obtaining a 2D representation of the whole sample.
t-SNE is an unsupervised algorithm, and does not use the labels
to group the data, which are clustered according to the similarity
of the XPSP fluxes. Once the clustering is done, it can be visu-
alised using the labels (true negatives (TNs), FNs, FPs, and true
positives (TPs)), which are obtained with the Random Forest for
experiment 3, the one with the highest score in the confusion
matrix. The results are shown in Fig. 37, where we also show
two different colour–colour diagrams. Figure 37 is clearly dom-
inated by TNs, with high confusion with TPs in the same area.
Colour–colour diagrams are better suited to distinguishing the
regions corresponding to each of the object classes.

In conclusion, through simple machine learning experiments
and using both supervised (Random Forest) and unsupervised (t-
SNE) algorithms, we show that the synthetic photometry in the
system ELS_custom_w09_s2 obtained from the Gaia XPSP is
adequate to separate stars with emission lines from those that
do not emit with a reliability that reproduces that achievable by
the XP spectra themselves by the ESP-ELS module with errors
below 3.5% for FNs and as low as 0.1% for FPs. The abil-
ity to go further and separate different classes of ELS objects
strongly depends on the possibility to train the algorithms with
sufficiently representative sets of each class and to use additional
passbands as a possible way to improve the performance.

6. Products

6.1. How to get synthetic photometry in your preferred
system

Synthetic photometry in all the photometric systems used
throughout this paper can be generated from the Gaia DR3
XP spectra served by the archive24 via Datalink (see Sect. 4 in
De Angeli et al. 2023, for further instructions). The GaiaXPy25

Python package offers several utilities to help users to maximise
the potential of BP and RP spectra. The generation of synthetic

24 https://gea.esac.esa.int/archive/
25 https://gaia-dpci.github.io/GaiaXPy-website/

photometry in a number of predefined photometric systems is
one of the available functionalities. This is achieved by a sim-
ple matrix multiplication of the array of coefficients defining the
mean spectra by a design matrix which is generated taking into
account the specific photonic TC. Contributions from both BP
and RP spectra in the case of filters spanning the range cov-
ered by both are taken into account (Montegriffo et al. 2023).
Colour corrections for the UV bands of some of the standardised
systems (see Sect. 2.2.2) and uncertainty correction factors (see
Sect. 2.1) are also optionally available. To obtain standardised
photometry, the properly tweaked passbands must be used (see
Sect. 2.2.1), being denoted with _STD in their name.

GaiaXPy allows synthetic photometry to be generated in any
of the available photometric systems or in a list of those in a sin-
gle call. Users can either provide a list of source_id or input the
XP spectra as downloaded from the Gaia archive in their contin-
uous representation and in all file formats currently offered for
their download. For updated and detailed instructions, readers
are referred to the package documentation.

New photometric systems can be added to those already
available in the latest release of GaiaXPy (see the GaiaXPy web
page). However, synthetic photometry in any system can also be
obtained from EC XP spectra in the usual way (Eqs. (1)–(5);
Sect. 2) by any user of the Gaia archive, without the need for
computing new basis functions.

6.2. The Gaia Synthetic Photometry Catalogue

To make XPSP more readily available in the most widely used
photometric systems, we produced the Gaia Synthetic Pho-
tometry Catalogue (GSPC), which includes the vast major-
ity of the approximately 220 million stars with XP spectra
released in Gaia DR3. We limited the content of the GSPC
to the sources brighter than G = 17.65 mag, thus exclud-
ing most of the sources in the special catalogue of WDs
(which is treated separately below), and unresolved galaxies
and quasars (included into the unresolved galaxy catalogue
(UGC) and quasi-stellar objects catalogue (QSOC) of Gaia
DR3, respectively; Gaia Collaboration 2023b). The catalogue
will be accessible and queryable through the Gaia Archive
(table gaiadr3.synthetic_photometry_gspc). Examples of
queries are provided in Appendix F. GSPC is focused on wide-
band photometry and is limited to standardised systems.
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Table 5. Summary of the GSPC content for each passband.

Passband Present Mag range Validated

UJKC 32835800 2.22, 18.97 32279743
BJKC 191343258 2.96, 20.31 160437248
VJKC 217577173 3.10, 20.58 206285205
RJKC 218861537 2.59, 19.99 206329396
IJKC 218910521 1.98, 19.14 206346825
uSDSS 37990533 3.07, 19.33 21965164
gSDSS 210697330 2.89, 20.55 191247211
rSDSS 218262272 2.85, 20.24 194747198
iSDSS 218890040 2.46, 19.78 194853547
zSDSS 218840583 1.86, 18.78 194788330
yPS1 214043127 1.12, 18.48 187461656
F606WACS/WFC 218549069 2.81, 20.42 172587968
F814WACS/WFC 218919373 1.91, 18.95 172588424

Notes. The parameters provided are the number of sources with syn-
thetic photometry available in the catalogue, the magnitude range cov-
ered and the number of sources that are within the ranges in magnitude
and colour that are fully validated (i.e. that have the corresponding flag
set to 1).

In particular, it includes standardised magnitudes, fluxes, and
errors on fluxes for the following passbands:

– UJKC, BJKC, VJKC, RJKC, IJKC,
– uSDSS, gSDSS, rSDSS, iSDSS, zSDSS,
– yPS1,
– F606WACS/WFC, and F814WACS/WFC.

We decided to include only yPS1 from the PS1 system to avoid the
redundancy implied by two different but very similar versions of
the same set of magnitudes (griz). Moreover, the standardisation
of SDSS performed here is more extensive and robust than what
we achieved for PS1 magnitudes.

In addition to the XP synthetic photometry listed above,
the GSPC contains: Gaia DR3 source_id, allowing a direct
cross-match with other catalogues in the Gaia archive by means
of JOIN ADQL queries, the quality parameter C? (Riello et al.
2021), which can be used to select the sources with the most
reliable photometry (but see also Sect. 7), a flag for each pass-
band (Xflag, where X = Ujkc, Bjkc, ...), which has a value
of 1 if the GBP−GRP colour and G magnitude of the considered
star are within the ranges where standardisation and validation
have been performed. In practice, the X magnitude of a source
with Xflag = 0 should be considered as an extrapolation of the
adopted standardisation.

To keep only good-quality measurements, we adopted a
unique criterion based on S/N for all the magnitudes in all the
systems. A given source has valid photometry in the passband X
only if

XFlux/XFluxError > 30.0, (21)

that is, the S/N in that passband is higher that 30. As can be
clearly appreciated from Table 5, this constraint has a modest
effect on the number of sources with valid photometry for all
the considered passbands except for UJKC and uSDSS. In these
passbands, the sample with valid measures is reduced to .17%
of the entire content. As a reference, the next most affected
passband is BJKC, for which the same constraint leads to valid
magnitudes for '87% of GSPC sources. There are 30 220
sources with XP spectra in DR3 and G < 17.65 but without
a single GSPC magnitude satisfying the S/N > 30 criterion;

these are therefore not included in the final catalogue. It turns
out that the overwhelming majority of them are very red AGB
stars, possibly carbon stars. Most of them are classified as long-
period variables (in_vari_long_period_variable=True
in dr3.vari_summary), and 352 of them are classi-
fied as carbon stars (spectraltype_esphs==CSTAR in
dr3.astrophysical_parameters).

As already anticipated in Sect. 3.3, the S/N > 30 selection
criterion imposes a strong colour bias on UV magnitudes. Con-
sidering the subsample of all GSPC sources with Galactic lati-
tude |b| > 50◦ (Galactic Caps sample), while there are stars with
valid UJKC/uSDSS magnitudes as red as GBP−GRP ' 3.0 mag,
95% of those with valid UJKC have GBP−GRP ≤ 1.16 mag and
95% of those with valid uSDSS have GBP−GRP ≤ 1.18 mag.

As a first glance at the quality of GSPC photometry, in
Fig. 38 we show the JKC U − B versus V − I colour–colour
diagram of the Galactic Caps sample introduced above for the
entire sample (left panel) and for the best-quality subsample
with |C?| < 0.05, containing about 87% of the sources (right
panel). The high-latitude selection is especially useful as it min-
imises the effect of blending and/or contamination and makes the
effect of interstellar reddening negligible. In the left panel, some
remarkable loci are labelled (similarly to Fig. 22 in Ivezić et al.
2007). We note that a significant residual population of unre-
solved galaxies and QSOs brighter than G = 17.65 is included,
some of them with U − B colours far exceeding those of the
bluest bona fide stars. This is likely due to a combination of
two main factors: first, the spectrum of some of these sources
may have a significant non-thermal component (from active
nuclei, nebular emission, etc.), and, second, some of them may
be partially resolved, thus making XPSP not fully reliable. The
‘blue contaminants’ class is a mixture of source types including,
among others, significantly blended stars, compact blue sources
in relatively nearby galaxies (young stars clusters, stellar nuclei,
HII regions), and distant compact blue galaxies. It is interest-
ing to note that most of these non-stellar sources are efficiently
removed with a simple cut in |C?|, leaving in the left panel of
Fig. 38 only well-defined stellar loci and a compact clump of
truly point-source, bright QSOs.

The GSPC is intended to provide accurate and precise all-
sky photometry down to G = 17.65 mag, with the limitations
described above, in Sect. 2.2, and in Sect. 7, and is by no means
a complete sample. Strong colour- and magnitude-dependent
biases are unavoidably affecting the sample, induced by the
selection criteria on the quality of the photometry. Moreover,
the stellar populations sampled, the degree of crowding, and,
consequently, the fraction of stars with excellent photometry,
changes with position in the sky, depending on the mix of Galac-
tic components encountered along the line of sight as well as on
the amount of interstellar extinction26. Figure 39 gives overview
examples of (i) the kind of selection bias at work (panel a), (ii)
the effects of selection on the C? parameter (panel b), as an
example of a mean for additional cleaning of the sample, and
(iii) the sensitivity of colour–colour diagrams to astrophysical
parameters (panels c and d; parameters from from GSP-Phot
Andrae et al. 2023).

Finally, to give an idea of the diagnostic power made avail-
able by GSPC (and by XPSP in general), in Fig. 40 we present
a colour–colour diagram of the Galactic Caps sample obtained

26 Please note that the cuts on magnitude and on the minimum number
of BP and RP observations imposed for the release of XP spectra makes
the footprints of the Gaia scanning law clearly visible in maps of GSPC
sources.
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Fig. 38. U − B vs. V − I colour–colour diagram for the Galactic Caps subset of the GSPC (|b| > 50◦). Left panel: all sources, with labels for
remarkable loci (2 025 048 sources with valid photometry in all the involved passbands). Right panel: subset with |C?| < 0.05 (1 985 565 sources).

by mixing magnitudes from two of the four photometric systems
included in the GSPC.

The diagrams display many well-defined features, suggest-
ing a great potential to select various classes of sources. In spite
of the |C?| < 0.05 selection imposed to remove most non-stellar
non-best-quality sources, the diagram includes more than 95%
of the sources of the original sample.

6.3. The synthetic photometry catalogue for white
dwarfs

White dwarfs are important objects, and as well as meriting
their own dedicated investigation, they can be used as tools
to explore other areas of astrophysics. For example, there is
strong evidence that many WDs are accreting the remains of
extrasolar planetary systems, which provides the only means
of measuring their bulk composition. Furthermore, measured
ages for the coolest known WDs can provide a limit to the age
of the Galactic disc. Many such studies require knowledge of
the spectral type of the WDs in question, and whether or not
they have H- or He-rich atmospheres. As the number of dis-
coveries of WDs grows, increasing numbers of spectroscopic
observing campaigns are carried out to provide this informa-
tion. The Sloan Digital Sky Survey (SDSS, Ahn et al. 2012)
has produced the largest spectroscopic catalogue of WDs so far
(e.g. Kleinman et al. 2013), a data set that has allowed classifi-
cation of approximately 10 000 WDs, the largest statistical sam-
ple of such stars prior to the publication of the Gaia DR2 and
Gaia EDR3 catalogues (Gaia Collaboration 2018a, 2021b). The
quality- and distance-selected samples of Gaia Collaboration
(2018b, 2021a) each contain approximately 20 000 to 25 000
WDs and the works of Gentile Fusillo et al. (2019, 2021) indi-
cate that there might be as many as roughly 300 000 in the whole
Gaia catalogue. However, obtaining follow-up spectroscopy to
classify all these candidates will be an enormous challenge and
is not likely to be feasible using the currently available telescope
resources.

The Gaia data release 2 (DR2) H-R diagram presented by
Gaia Collaboration (2018b) shows a clear WD cooling sequence

Fig. 39. u − g vs. g − r colour–colour diagram for the Galactic Caps
subset of the GSPC (|b| > 50◦; 2 003 727 sources having valid photom-
etry in all the involved passbands), colour coded according to different
parameters. Panel a: G magnitude; panel b: C?; panel c: log Teff from
GSP-Phot; panel d: log g from GSP-Phot.

and a degree of separation between the populations of H-rich
(DA) and He-rich (DB) stars. However, while the WDs have a
narrow range of masses, there is a significant overlap between
the H- and He- groups over much of the parameter space. The
Gaia G, GBP, and GRP integrated bands are broad in order to
provide maximum sensitivity and the best possible photomet-
ric accuracy, and this limits the ability to distinguish between
WDs of different spectral types. Wide- to narrow-band synthetic
photometry generated from the Gaia XP spectra can be used
to mimic the narrower band photometry available from surveys
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Fig. 40. Colour–colour diagrams for the Galactic Caps subset of the
GSPC (|b| > 50◦), with colours obtained by mixing magnitudes from
the JKC and SDSS photometric systems. To highlight the stellar loci
more clearly, we included only stars with |C?| < 0.05 (5 968 495 of the
6 266 882 GSPC sources in the Galactic Caps sample). Upper panel:
overall colour–colour diagram. Lower panel: zoom into the highly
structured blue region hosting sequences of DA and non-DA WDs, hot
subdwarfs and extreme horizontal branch stars, blue horizontal branch
stars, and so on, better demonstrating the level of detail emerging in
these diagrams.

such as SDSS, allowing the diagnostic power to be applied to the
larger number of WDs present in the Gaia catalogue.

To test and illustrate this potential, we constructed a cat-
alogue of about 100 000 WDs initially drawn from the Gaia
EDR3 data release, for which we have generated synthetic pho-
tometry in JKC, SDSS, J-PAS, and J-PLUS bands. This well-
defined sample of WDs is designed to span the complete range
of colours and magnitudes occupied by WDs. All the objects
have a high probability of being a WD by virtue of their location
in the H-R diagram. We followed the methodologies applied by
Gentile Fusillo et al. (2019) and the GCNS (Gaia Collaboration
2021a). The selection criteria are designed to remove contam-
inants whilst retaining as many high-probability WDs as pos-
sible. The sample extends to greater distance than the GCNS,
and yields 100 786 WDs, a factor five increase compared to that

Fig. 41. Synthetic u − g colour vs. absolute G-band magnitude dia-
gram for white dwarfs in the GSPD-WD catalogue (grey). Data points
are colour-coded according to SDSS spectral type where known:
blue = DA, red = DB, green = DC, yellow = DQ.

catalogue. Specifically, the following H-R diagram location and
quality cuts were applied:

– Equations (1)–(9) detailed in Gentile Fusillo et al. (2019),
– astrometric_excess_noise ≤ 5,
– phot_bp_mean_flux_over_error ≥ 20,
– phot_rp_mean_flux_over_error ≥ 20,
– parallax/parallax_error ≥ 10,
– phot_g_mean_flux_over_error ≥ 20,
– log(parallax/parallax_error) < −1.56(log(103/parallax)
− 3.17) + 0.96.

The majority of the stars in the sample have G < 19 mag, but
about 30% are fainter. The effective G-band magnitude cut-off is
≈20 mag.

We derived synthetic photometry in SDSS, JKC, J-PLUS,
and J-PAS systems for the full set of available WDs in the
sample, which we designate the Gaia Synthetic Photometry
Catalogue for WDs (GSPC-WD), which is published with this
paper (see below, for the actual contents of the published table).
Among these objects, 9758 have WD subtypes assigned by
SDSS observations. Figure 41 shows absolute G-band magni-
tude plotted against the synthetic SDSS u − g colour for these
stars, indicating the main classifications. The SDSS photom-
etry gives a much better separation between the DA and DB
WD spectral types than the Gaia photometry (see Fig. 13 of
Gaia Collaboration 2018b). The DB stars also occupy a differ-
ent region of the diagram compared to DC and DQ, but their
ranges overlap substantially, and they also overlap with that of
the cooler DAs. Therefore, the synthetic magnitudes for bands
that are narrower than G-band, GBP, and GRP, provide a poten-
tial classification mechanism for all WDs in the Gaia catalogue.

The choice of u−g as an indicator of H-atmosphere DA spec-
tral type compared to He-atmosphere DB WDs is related to the
relative wavelengths of the bands compared to the Balmer jump
at 364.5 nm, where the H Balmer series of lines converges. Com-
pared to the DB WDs, the flux of DA WDs is suppressed short-
ward of this wavelength, making the stars appear redder, as seen
in Fig. 41. In principle, there are many potential passband com-
binations available that may provide better or similar discrim-
ination between DA and non-DA stars. For example, narrower
passbands will allow better discrimination than wider ones, as
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Fig. 42. S/N distributions for the stars in the GSPC-WD sample in three
different filter bands: blue – G-band, red – synthetic Johnson B, and
green – synthetic J-PAS 410 nm.

discussed above. However, finer subdivision of the spectroscopic
data reduces the S/N of individual bands. This is illustrated in
Fig. 42, which compares the S/N (flux over flux error) for the G-
band, synthetic Johnson B, and, as an example of the narrowest
bands, J-PAS 410 nm. The Johnson B band has approximately
one-tenth of the S/N of G-band and the J-PAS 410 nm band one-
fifth of Johnson B.

Whichever combination of filter bands is used to attempt
the classification of the WDs, it is not straightforward to sep-
arate star types where their parameter space overlaps. Further-
more, it is a complex exercise to simultaneously use more than
one colour–magnitude diagram to define the locus of particu-
lar spectral types. In trying to create ‘clean’ samples of single
WD classes for population studies, we need an objective method
for carrying out the classification to distinguish among hydro-
gen type WDs (DA) and other types of WDs among these intrin-
sically faint sources. A Random Forest algorithm allows us to
make use of all the available photometry to carry out this task
and determine a classification probability for DA WDs. We used
the SDSS dataset of 9758 WDs with known classifications to
train the Random Forest algorithm to distinguish between DA
and non-DA spectral types. For the DA selection, we included
all SDSS subtypes whose main type is ‘DA’ in the classifica-
tion scheme27. Among all the WDs with known subtypes, we
were able to select 7567 DA and 2191 non-DA stars to be used
to train or test the Random Forest algorithm. For training, we
selected 1500 DA and 1500 non-DA, using the rest for testing
purposes. The input parameters used to perform the classification
included all the SDSS, Johnson, J-PAS, and J-PLUS synthetic
magnitudes, their uncertainties, and other information from Gaia
(parallaxes, proper motion, integrated magnitudes and their
uncertainties).

Using the Random Forest classification, we can use the
obtained probabilities of being a DA to create a clean DA-type
WD sample (Table 6). For example, if we use only sources with
probability larger than 0.7 of being a DA, derived using J-PAS

27 This includes the following subtypes: “DA”,“DA(He)”,“DA(He)Z”,
“DA+BD”,“DA+M”,“DA+M3”,“DA+M4”,“DA+M5”,“DA+M7”,
“DA+M:”,“DA+Me”,“DA:”,“DA:DC”,“DAB”,“DAB+M”,“DABH”,
“DAZ”,“DAE”,“DAH”,“DAH:”,“DAO”,“DAQ”,“DAQ:”,“DAZ”,
“DAZ:”,“DAZB”,“DAZE:”,“DAZH:”,“DAe”,“DA+DB”,“DA:DC:”.

Table 6. Percentage of non-DA sources contaminating our sample if
selecting sources with probability of being a DA larger than x when
using different input passbands for classification.

Input x = 0.5 x = 0.6 x = 0.7

SDSS 2.45 0.86 0.30
J-PLUS 1.43 0.55 0.27
J-PAS 0.77 0.26 0.11
Source coefficients 0.50 0.15 0.03

filters, only 0.11% non-DAs will contaminate our sample of
selected sources.

Once the algorithm has been trained and validated, we can
apply it to all the white dwarfs in the GSPC-WD catalogue,
including those where an SDSS classification is not available.
Figure 43 shows the probability distribution for all four cases
studied (SDSS, J-PLUS, J-PAS and source coefficients). Based
on our results, the narrower the pass bands, the better the classifi-
cation (increasing their probabilities and obtaining a less centred
distribution), improving also when more pass bands are consid-
ered, covering the whole wavelength range. Nevertheless, it can
also be seen that the best results are obtained when using the
BP and RP coefficients representing the spectra, rather than the
synthetic photometry.

When analysing the colour distribution of sources with
SDSS types available to train our algorithm we see that 96%
of the sources fall in the range G −GRP < 0.4 mag. For this rea-
son it is expected that the algorithm is not working optimally for
colours outside this range. In order to verify this, we show only
those sources with G − GRP < 0.4 mag in an overlapped distri-
bution in Fig. 43. Indeed, sources with larger values for G −GRP
are those located at intermediate probabilities, and this method
is not able to properly classify them. Not all WDs in the sam-
ple have a complete set of JPAS magnitudes for classification,
as some sources are too faint to generate significant magnitude
measurements. Therefore, the total number of WDs classified by
the Random Forest algorithm is 86 783, to which we can add the
9758 WDs already classified by SDSS: a total of 96 541 WDs.

The usefulness of the DA/non-DA classification scheme can
be illustrated by considering the G-band versus Johnson B − V
colour–magnitude diagram (left hand panel of Fig. 44). The dis-
tribution is colour coded by the probability of a WD being a DA.
The DA and non-DA cooling tracks appear to be clearly sepa-
rated by the B − V colour. Similarly, the B − V versus V − R
colour–colour diagram (right hand panel of Fig. 44) shows very
good isolation of the DA and non-DA components. However,
when we examine the distributions of DA and non-DA classifi-
cations separately, we see that there is considerable overlap of
these in the parameter space of the colour–magnitude diagram
(Fig. 45). The figure shows all WDs with probability of being a
DA above 0.5 (blue), with a non-DA contamination fraction of
0.77% (Table 6). Overlaying this distribution are those WDs with
probability of being a DA of less than 0.3 (cyan). This shows the
great difficulty in separating out DAs and non-DAs on the basis
of a cut in any colour–magnitude diagram and underlines the
importance of the Random Forest classification method.

In conclusion, we demonstrate that synthetic photometry for
a range of standard systems can be used to classify white dwarfs
in the Gaia catalogue into DA and non-DA types. However,
we note that better results are achieved using the coefficients
of the BP and RP spectra, without the need to compute the
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Fig. 43. Probabilities obtained for all classified WDs when using only SDSS (top-left), J-PLUS (top-right), and J-PAS (bottom-left) pass bands
and the BP and RP source coefficients directly (bottom-right). In blue, the same histogram when we filter the reddest sources (keeping only those
with G −GRP < 0.4 mag), as they are not covered by the training dataset and lower output probabilities are expected.

Fig. 44. (left) Gaia absolute G magnitude vs. B − V colour–magnitude diagram for the GSPC-WD sample colour-coded with the probability of a
WD being a DA. (right) Gaia B − V vs. V − R colour–colour diagram for the GSPC-WD sample colour-coded according to the probability of a
WD being a DA.

synthetic photometry. Nevertheless, the differences are small
and, although our classification is not perfect, a catalogue of the
synthetic photometry for our sample of Gaia white dwarfs pro-
vides a useful resource that can be applied to generating samples
of white dwarf types without the need for further computation.
As we use J-PAS synthetic photometry to classify white dwarfs
in Gaia DR3, there is a strong prospect for the real J-PAS survey
(Benitez et al. 2014) to be used in a similar way. Indeed, the J-
PLUS data have been used to classify and parameterise approx-
imately 6000 WDs (López-Sanjuan et al. 2022). Clearly, this is
a much smaller number than the WDs included in this work,
but the S/N of the observations is potentially greater than we
were able to achieve with the Gaia DR3 data. Therefore, the full

J-PAS and J-PLUS surveys could provide valuable complemen-
tary data for analysis of the GSPC-WD catalogue.

We have made the GSPC-WD synthetic photometry avail-
able as a stand-alone catalogue28, including SDSS, JKC, and J-
PLUS XPSP and the DA classification probability. The photom-
etry of the individual J-PAS bands used in the Random Forest
analysis is not included because of their low S/N. For WDs clas-
sified in SDSS, a subset of which were used in the training and
validation of the Random Forest algorithm, we also include the
full SDSS classifications as a separate column in the GSPC-WD
catalogue table. As can be seen from the example in Fig. 42,

28 https://zenodo.org/record/6637717#.YqcREC8RpAY.
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when the synthetic spectral bands are very narrow, a significant
number of sources will have low S/N. Furthermore, at the edges
of the Gaia spectral range, away from the peak of the effec-
tive area, this is also true for some stars in the wider bands
included in the catalogue. In some extreme cases, there is no sig-
nificant detection of the object. The Random Forest algorithm is
only able to classify a WD when valid flux measurements are
available for every photometric band we include in the analysis.
Therefore, no classification is recorded in the catalogue when
data for one or more bands is ‘missing’. In total, 15 003 WDs
from the total sample of 101 783 are not classified. For com-
pleteness, we have made all the flux measurements and corre-
sponding magnitudes available for all objects in the GSPC-WD.
Therefore, magnitudes and fluxes with very large errors up to
several times the flux itself are included. However, where fluxes
are negative, the magnitudes are not defined. When using the cat-
alogue, appropriate S/N cuts are advisable for specific scientific
objectives in order to ensure data quality.

7. Recommendations and caveats

In this section we provide some caveats and recommendations
that can serve as guidelines for best use of the products described
and provided here. It is important to be aware that, in spite of
the huge effort made to check and verify XPSP, the results of
which are only partially shown and discussed here because of
obvious constraints on publishing space, the validation we pro-
vide is in any case partial, being unavoidably limited to high-
quality reference samples that may not be perfect nor fully rep-
resentative. In the discussion of the comparisons presented here,
we focus almost exclusively on the known problems affect-
ing XP spectra29, as described in Montegriffo et al. (2023) and
De Angeli et al. (2023), but in fact, some of the observed anoma-
lies may be due to issues in the reference samples.

In any case, the users are invited to further validate the XPSP
data they use, depending on their science goals and applications.
The performances illustrated here should be considered in a sta-
tistical sense, and the individual magnitudes may still suffer from
problems not traced by the available quality parameters.

We did not make extensive tests to verify whether ∆mag
distributions for a given system and/or reference set depend on
the luminosity type of the considered stars (e.g. giants, dwarfs,
WDs, etc.) or on the interstellar extinction. In general, the sets
we adopted for validation and/or standardisation, while being
predominantly composed of dwarfs, includes all types of stars.
For example, we verified that, in the Landolt’s sample, WDs do
not show a different ∆mag distribution as a function of colour
with respect to other kinds of stars in the same colour and mag-
nitude range, within the uncertainties. In Sect. 4.2 it is shown
that, in the J-PAS and J-PLUS systems, XPSP has very simi-
lar performances for WD and normal stars, except for the UV
passbands. In our experience the most problematic range in this
respect is that of cool stars, especially M-type stars, where giants
and dwarfs may also behave differently in response to tiny dif-
ferences in the TCs. In the cases of the SDSS system, we explic-

29 It is not necessarily easy to disentangle problems due to the process
of external calibration (Montegriffo et al. 2023) and to the internal cal-
ibration of XP spectra (De Angeli et al. 2023). Here we generally con-
sider colour trends as due to imperfections in the instrument model, and
therefore associated to EC XPs. On the other hand, external calibration
cannot be responsible for the trends with magnitudes, such as e.g., the
hockey-stick effects or the blue dip, which is due to imperfection in the
internal calibration process. Hopefully, both sides of the process should
significantly improve in future data releases.

Fig. 45. (Blue) Gaia absolute G magnitude vs. B−V colour–magnitude
diagram for the GSPC-WD sample with probability of being a DA> 0.5.
(cyan) Gaia absolute G magnitude vs. B−V colour–magnitude diagram
for the GSPC-WD sample with the probability of being a DA< 0.3.

itly checked that red (1.0 < GBP−GRP < 3.5) giants and dwarfs
have compatible ∆mag distributions, within '10 mmag (how-
ever, limited to K stars; see Appendix D for further discussion).
The same is true for the JKC, albeit tested with a much smaller
sample of red giants (Sect. 3.2).

In general, the accuracy of the standardised photometry pre-
sented here has not been tested against large variations in the
interstellar extinction. Hence, in cases of highly reddened stars,
XPSP should be used with caution. However, the analysis pre-
sented in Appendix D suggests that, at least in the considered
case (red giants in the SDSS system), stars with extinction as
large as A0 . 5.0 mag have ∆ mag virtually indistinguishable
distributions from their low-extinction counterparts, where A0 is
the monochromatic extinction at λ = 547.7 nm as estimated by
GSP-phot (Andrae et al. 2023).

We also note that the XPSP performance has not been tested,
or only partially (see Sect. 3.5), in the presence of a signifi-
cant degree of crowding or of a strong astrophysical background
(see also the cautionary note at the end of Sect. 2.2.1). We are
not aware of spatial variation of the systematic errors affecting
XP ECS but we cannot exclude their existence. However, their
amplitude should be very small, owing to the careful process of
internal calibration of BP and RP spectra (Carrasco et al. 2021;
De Angeli et al. 2023).

The main goal of this paper is to show the potential of
XPSP, a new product available for the first time in Gaia DR3.
We are confident that the astrophysical community will explore
this potential much more extensively, seeking and extracting the
greatest scientific return. Within the limits of our resources, we
will be happy to support extensions of the available photometric
systems (see Sect. 6.1). We stress again that standardised UJKC
and uSDSS XPSP cannot provide an exact reproduction of the cor-
responding reference magnitudes because they lack the bluest
part of the wavelength coverage. Moreover, in general, standard-
isation of any magnitude is strictly valid only in the colour and
magnitude range and in the range of astrophysical parameters
where the processes have been performed, the range covered by
the adopted reference sample (see Sect. 6.2).

It is important to recall that the calibration of XP ECS and
the instrument model used to get XPSP are best suited to dealing
only with point sources. Synthetic magnitudes of extended or
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even marginally resolved sources may (and, in fact, should) be
affected by systematic errors depending of their extension, their
spectrum, and the width and wavelength range of the consid-
ered passbands. Also, the entire chain of Gaia data processing
leading to XPSP is designed for single stars and calibrated on
single non-variable stars: magnitudes of sources with relevant
non-stellar components in their spectra, of variable sources, and
of unresolved multiple stars are not expected to have accurate
XPSP. However, this does not imply that their synthetic mag-
nitudes, fluxes, and colours do not carry useful information on
these sources.

Saturation of portions of XP spectra may occur in a variety of
circumstances, depending on the magnitude, colour, and detailed
spectral shape of the sources (i.e. presence of emission lines),
with obvious effects on the accuracy of the derived XPSP. As a
general rule of thumb, derived from the analyses by Riello et al.
(2021), De Angeli et al. (2023), and especially Montegriffo et al.
(2023), we can assume that XPSP should be free from satu-
ration effects for G & 5.0. XPSP from the BP spectral ranges
are more easily affected, while reasonable photometry in the RP
range should be possible up to G ' 3.0 in most cases. Finally,
the performance of the internal calibration of BP and RP spectra
for G . 11.5 is not as reliable as for fainter sources. The onset
of different window classes and gate setups to extend the linear
regime of the detectors up to G ' 5.0 and beyond makes the Gaia
spectrophotometric system in this bright regime not perfectly
matched with that established for G & 11.5 (see De Angeli et al.
2023; Montegriffo et al. 2023, and referenced therein). For these
reasons, the accuracy and precision of XPSP should be poorer
at very bright magnitudes and, in general, above the G ' 11.5
limit, than for high-S/N measures below it.

A large number of parameters are available from the Gaia
DR3 archive for all sources with XP spectra. Here, we provide a
few suggestions for how to select the best data. Users will have to
consider which ones are appropriate and at which level, depend-
ing on their science case.

– The renormalised unit weight error ruwe (available in
gaia_source) can be used to clean a sample from cases
showing photocentric motions due to unresolved objects,
such as astrometric binaries. Some guidance on filtering
based on this parameter is provided in Lindegren et al.
(2021). The criterion ruwe< 1.4 retains about 93% of the
sources with XP spectra in Gaia DR3.

– The corrected GBP and GRP flux excess factor C∗ defined in
Riello et al. (2021) and available from the GSPC table as
c_star is useful to clean the dataset from objects affected
by inconsistencies in the photometry in the various bands
(G-band, GBP, GRP). These inconsistencies can be due to dif-
ferent source properties (e.g. in the case of extended sources)
or systematic errors in the calibration procedures (e.g. in the
case of residual background due to nearby bright sources).
See Riello et al. (2021) for more details. The same paper
(Sect. 9.4) provides a function reproducing the 1σ scatter for
a sample of well-behaved isolated stellar sources with good-
quality photometry. The criterion C? < 1σ retains 79% of
the sources, while a more generous C? < 3σ retains 90% of
the sources.

– The photometric errors can be used to define a variability
proxy as

√
nσf/ f , where n is the number of observations

and f and σf are the flux and its uncertainty in the G-band
(Mowlavi et al. 2021). All required parameters are available
from the gaia_source table. This can be used effectively to
remove objects that vary in flux. A possible criterion could be
defined selecting sources that have a variability proxy value

within K sigma from the average value at a given magnitude:
this would retain 95% of the sources for K = 1 and 99% of
the sources for K = 3.

– Variable stars can be identified also using
phot_variable_flag from the gaia_source table,
while a classification of the candidate variables by type can
be found in the vary_summary table.

– Finally, users may be interested in cleaning the dataset
from objects affected by crowding. An assessment of the
number of transits that contributed to the generation of
the source spectra in Gaia DR3 and that were affected
by a non-target source within the window (these cases
are labelled blended) or by a nearby bright object (con-
taminated) is provided in the table xp_summary and in
particular in the parameters bp/rp_n_blended_transits
and bp/rp_n_contaminated_transits30 (including the β
parameter, used in Sect. 5.1). It should be mentioned that
such assessment is based on the Gaia DR2 source catalogue.
It is therefore expected that the crowding assessment may not
be accurate in very dense regions due to the reduced com-
pleteness of the catalogue and in cases of sources with very
small angular separation. The fraction of transits flagged as
blended or contaminated can be used as an additional crite-
rion to remove data affected by crowding.

Section 6.1 in De Angeli et al. (2023) provides more details
on the XP spectral data available in the Gaia DR3 archive,
instructions on how to download the data, and recommendations
regarding the treatment of the data. For the purpose of generating
synthetic photometry, we recommend using full, non-truncated
XP spectra. Truncation has been introduced to remove spurious
features in the spectra due to higher order bases fitting the noise
in the observed data, particularly for faint sources or sources
with a low number of observations. This is achieved by dropping
coefficients that are consistent with being noise. When generat-
ing synthetic photometry by effectively integrating the spectrum
in a given wavelength range, the precision of the result is not
significantly improved by applying truncation. On the contrary,
in the case of particularly narrow bands, truncation may intro-
duce some systematic errors. See Sect. 3.4.3 in De Angeli et al.
(2023) for more details. Appendix F shows a few examples of
queries to create selections from the GSPC and to extract the
corresponding parameters from the main table gaia_source.

8. Conclusions and perspectives for the future

We present a Gaia-DPAC product made available for the first
time with Gaia DR3 that provides the possibility to obtain syn-
thetic photometry in any passband for all the stars with published
XP spectra, provided that the passband is entirely included in the
XP wavelength range (330 nm–1050 nm), and that the FWHM of
the passband is significantly larger than that of the BP or RP LSF
at the considered wavelength (R f ≥ 1.4; but see Appendix B for
a thorough discussion).

We show that wide-band photometry is reproducible within
a few percent over wide ranges in magnitude and colour. We
demonstrate this result for several widely used systems with
good internal precision. The accuracy and precision decrease
when considering medium- and narrow-band photometry; how-
ever, we show that even with measurements from this kind
of passbands, performances are, at least, comparable with
state-of-the-art ground-based observations, and fruitful scientific

30 Please note that the gaia_source table contains equivalent counters
applicable to the photometric data, i.e. integrated GBP and GRP.
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applications are possible. For example, the Gaia C1 system
(Jordi et al. 2006) was brought into life by Gaia XPSP and we
demonstrate its capabilities to deliver the astrophysical informa-
tion, including stellar temperature, gravity, metallicity, and even
α element abundance, an especially challenging task for the very
low-resolution XP spectra (Gavel et al. 2021).

The residual shifts and trends affecting XPSP, which are
mainly due to known systematic errors in the EC XP spectra,
can be corrected down to millimag accuracy in some cases using
suitable sets of external photometric standards as a reference, a
process that we call standardisation. We performed the standard-
isation for the JKC, SDSS, PS1, and Strömgren systems, as well
as for three wide passbands from two different HST systems.
In addition, we demonstrate that XPSP is suited to calibrating
narrow-band photometry for surveys designed to trace emission
lines in stars.

We provide a few examples of scientific applications,
demonstrating the performance of XPSP to trace multiple pop-
ulations in globular clusters, classify emission line sources, and
obtain metallicity estimates, also in the very metal-poor regime.
The latter is a realm where the complementarity with the DPAC
products directly derived from the analysis of XP spectra (GSP-
Phot, Andrae et al. 2023) can be more fruitful. We show that by
adopting reliable reddening values from external sources, dedi-
cated photometric indices can give satisfactory performances.

Finally, we provide two publicly available catalogues for
general use: (a) the Gaia Synthetic Photometry Catalogue
(GSPC), queryable from the Gaia Archive, containing stan-
dardised photometry in 13 widely used wide passbands for
∼220 M stars with G < 17.65 all over the sky (table
gaiadr3.synthetic_photometry_gspc), and (b) the Gaia
Synthetic Photometry Catalogue for White Dwarfs (GSPC-WD),
publicly available as a stand-alone catalogue, containing syn-
thetic photometry in many bands and DA/non-DA classification
for a sample of approximately 100 000 WDs down to G ' 20.0.

We demonstrate that XPSP can provide precise space-
based all-sky photometry in any optical band, with perfor-
mances depending on the passband width and wavelength range.
Furthermore, XPSP may significantly impact the photometric
calibration of existing observations and the design of planned
surveys (see, e.g. Sect. 4.4). For the first time it provides exten-
sive means to refer photometry in different magnitude systems
to the same flux scale, for example providing simultaneously
homogeneous JKC, SDSS, PS1, and HST photometry for the
same set of stars. In perspective, this should be the essential con-
tribution of the Gaia XPSP: providing an absolute photometric
reference for optical photometry, while the astrophysical infor-
mation of the observed sources can, in principle, be optimally
extracted from the entire XP spectra.

There are sound arguments for believing that the perfor-
mance we present here can significantly improve in future Gaia
data releases (see also De Angeli et al. 2023; Montegriffo et al.
2023). The accumulation of many additional epoch spectra will
provide mean XP spectra with higher S/N and consequently
more precise XPSP. The release of XP spectra for fainter
stars will significantly enhance the photometric depth that can
be reached, well beyond the current G < 17.65 limit. New,
improved releases of the SPSS will provide a more robust basis
for a more accurate flux scale of XP ECS and a better calibra-
tion of the instrument model, a vital ingredient of the chain lead-
ing to XPSP. There are ideas to improve the calibration of the
instrument model by other means; for example by a better cal-
ibration of the LSF, of the wavelength scale, and so on, to be
implemented in the next cycle of data reduction. The internal cal-
ibration of mean XP spectra will improve in future releases. For

example, there is currently a lot of work being done to improve
the algorithm for sky subtraction, which could imply substantial
mitigation of the hockey-stick effect. In general, each Gaia data
release improves upon the entire process of spectro-photometry,
as we gain experience in the instruments and the ways to cali-
brate for even the smallest of effects, and new pieces of the cali-
bration are activated.

If significant mitigation of residual systematic errors were
indeed to be achieved, this would greatly extend the contribution
of the Gaia mission to optical photometry.

Acknowledgements. This work presents results from the European Space
Agency (ESA) space mission Gaia. Gaia data are being processed by the Gaia
Data Processing and Analysis Consortium (DPAC). Funding for the DPAC
is provided by national institutions, in particular the institutions participating
in the Gaia MultiLateral Agreement (MLA). The Gaia mission website
is https://www.cosmos.esa.int/gaia. The Gaia archive website is
https://archives.esac.esa.int/gaia. The full acknowledgements are
available in Appendix A.

Note added in proof. Due to a bug in GaiaXPy the synthetic photometry
for the standardized PS1 y band photometry published in the GSPC (contained
in the fields y_ps1_flux, y_ps1_flux_error and y_ps1_mag) has been
generated without applying the correction for the hockey-stick effect. The Gaia
Archive table gaiadr3.synthetic_photometry_gspc will not be fixed.
However, correct synthetic photometry in the standardised PS1 system can be
generated using GaiaXPy (with version 1.2.4 or later) on spectra extracted from
the archive. Prior to version 1.2.4, the GaiaXPy bug gave the same error for all
the PS1 passbands, but y was the only PS1 flux/magnitude included in GSPC. It
has also been discovered that the units of the SDSS and PS1 flux and flux error
fields in the GSPC are wrong and should have Hz−1 instead of nm−1. Only the
units are wrong: the data contained in the table is correct (except for the issue
described above regarding yPS 1).
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Appendix B: Minimum width of flux-conserving
passbands and suggestions for line photometry

In general, the flux through a given passband can be correctly
measured from XPSP only if the characteristic width of the TC
is larger than the LSF of the EC XP spectrum in the wavelength
range of the passband. To trace the relation between passband
width and LSF width we adopt the following simple parameter:

R f =
FWHMpassband(λ0)

FWHMLS F(λ0)
, (B.1)

which is the ratio between the FWHM of the passband and of
the XP LSF at the central/peak wavelength of the passband λ0,
where the relevant ECS XP LSF width should be taken from
Montegriffo et al. (2023). This simple parameter cannot take into
account all the subtleties of the relation we are considering, that
is, the FWHM is not fully adequate to describe asymmetric TCs.
However, here it is sufficient to address the core of this problem
and to provide a simple and general criterion for flux conserva-
tion and reproducibility of magnitudes in existing systems.

In principle, for symmetric passbands and local symmetric
and perfectly modelled LSF, R f > 1 should guarantee that all the
incoming flux through the considered TC can be correctly mea-
sured by XPSP in any case. However, the LSF is not symmet-
ric (Montegriffo et al. 2023), the instrument model that is used
to transform XP mean spectra into EC is not perfect and, con-
sequently, the mixing between photons of different wavelengths
–which is intrinsic to slit-less spectroscopy– is not optimally cor-
rected.

To derive an empirical criterion defining the minimum R f of
a passband whose XPSP correctly measure and/or conserve the
flux, we proceed as follows. Consider a spectral feature that is
very narrow with respect to the local XP LSF, for example the
stellar Hα Balmer line, and suppose we attempt to measure the
flux in a portion of the spectrum including the line with XPSP
using a passband with R f < 1. If the source has Hα in emission,
the XP LSF will move a fraction of photons from the line out of
the range covered by the passband, resulting in a loss of Hα flux.
Photons outside that range would also leak within the passband
for the same reason, but the asymmetry between the excess flux
in the line and the lower surrounding continuum would end up in
a net flux loss. The opposite would happen for Hα in absorption:
in this case, the asymmetry between the deficit of photons in the
line and the flat but higher continuum level outside the passband
will lead to the measurement of a spurious excess of flux in the
passband, mimicking a lower depth of the line.

The idea is to take a set of stars for which we have EC XP
spectra and their external counterparts at much higher spectral
resolution (HR spectra31; in the specific case, about R ' 1000,
to be compared with R ' 30 − 80 of XP ECS) and to compare

31 We note that synthetic photometry from HR spectra, in this context,
is fully equivalent to external direct photometry obtained by imaging
with photometric filters. The conclusions reached in this section are
fully applicable to narrow-line photometry obtained in this way, as,
e.g. in IPHAS (Drew et al. 2005) or the VST Photometric Hα Survey
(VPHAS+, Drew et al. 2014).

Fig. B.1. Difference in synthetic magnitudes from HR and XP spec-
tra for SPSS, PVL, and selected NGSL using passbands of increasing
FWHM (from top to bottom) to measure the flux around Hβ (left panels)
and Hα (right panels), as a function of GBP-GRP colour. The passbands
FWHM adopted in the various panels are, from top to bottom, 5, 8,
13, 18, 23 nm (Hβ), and 3, 6, 9, 12, 15 nm (Hα). The corresponding Rf
values are reported in each panel.

synthetic photometry from the two source spectra around strong
spectral lines using passbands of various width. Dealing with
absorption features in the presence of strong lines, the fluxes
through an overly narrow passband will be larger when measured
from XP than from HR spectra, corresponding to positive mag-
nitude differences magHR − magXP. Then, progressively wider
passbands can be tested until the magnitude difference becomes
null, thus identifying the lower R f limit allowing correct mea-
surement of the flux in the presence of a strong spectral feature.

Here we perform this test with a set of custom synthetic
passbands centred on Hβ (FWHMLS F = 12.6 nm) and Hα
(FWHMLS F = 8.4 nm), with FWHM ranging from 1 nm to
25 nm. TCs are centred at the wavelength of the corresponding
line and have a strictly symmetric shape, being the junction of
two error functions.

The sample is composed of the calibrating and validating sets
of stars including the Gaia SPSS and the PVL (Pancino et al.
2021) and the selection of NGSL stars (Heap & Lindler 2016)
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Fig. B.2. Difference of synthetic Hα magnitudes from HR and XP spec-
tra for SPSS, PVL, and selected NGSL as a function of GBP − GRP
colour. In this case, the width of the TC adopted for synthetic pho-
tometry on HR spectra is kept fixed (FWHM = 9.0 nm), while the
width of the TC used for synthetic photometry on XP spectra is var-
ied from FWHM = 12.0 nm to FWHM = 9.0, 6.0, 3.0 nm, from top to
bottom. The various panels are labelled according to the ratio between
the FWHM of the XP and HR TCs.

adopted by Montegriffo et al. (2023). AB magnitudes are con-
sidered as they directly trace fluxes.

Figure B.1 illustrates the procedure. In the upper pair of
panels, passbands significantly narrower than the local LSF are

adopted (R f = 0.4). Consequently, for the majority of stars, the
difference between HR and XP synthetic magnitudes increases
from GBP-GRP ' −0.5 to GBP-GRP ' 0.0, reaching its maximum
for stars displaying the maximum strength of Balmer absorption
lines (A stars; the handful of exceptions are DC and DB WDs
with the colour of A stars but lacking strong H lines in their spec-
tra). Then the magnitude difference begins to decrease, reaching
a null value for BP−RP > 1.0, for spectral types later than G. As
passbands with larger R f are adopted, the amplitude of the arch
of the magnitude difference decreases, until they reach ' 0.0
over the considered colour range at R f ' 1.4, remaining there
for larger values of R f . It is important to note that the amplitude
of the discrepancy is already as low as ' 0.01−0.02 mag around
R f = 1.0 − 1.1. Still, we prefer to provide a conservative gen-
eral criterion, possibly accounting also for the approximations
involved.

The conclusion of this experiment is that synthetic fluxes
and magnitudes can be accurately measured from EC XP spectra
only adopting passbands with R f ≥ 1.4. This implies, that mag-
nitudes from existing systems can be accurately reproduced only
if this condition is satisfied, if the TC of the existing system is
adopted to obtain the corresponding XPSP (see below for a dif-
ferent approach that may help to circumvent this rule). It is reas-
suring that the same result is consistently found when testing two
spectral features that are measured in the different instruments
that are used to get mean XP spectra, i.e. BP and (mainly) RP
for Hβ and Hα, respectively. Moreover, in regions of the spec-
trum lacking strong features, the flux is conserved in XPSP also
using passbands with R f < 1.4, because, in the absence of any
strong flux asymmetry, the losses from inside the passband are
compensated by the leaks from outside the passband, leaving the
balance near the equilibrium.

The above conclusions refer to the comparison between pho-
tometry obtained from different spectra with the same TCs.
However, following up the results shown in Sect. 4.3, now we
compare Hα magnitudes obtained with a FWHM = 9 nm TC
(R f = 1.1) from the HR spectra with those obtained from XP
spectra using TCs of various width, in particular FWHM =
12, 9, 6, 3 nm. The results of this experiment are presented in
Fig. B.2. When the passband adopted for the XPSP is wider than
that taken as reference for the HR SP (panel a), the distribution
is fully analogous to that seen in Fig. B.1 for R f < 1.0, as, also
in this case, the signal from the line is diluted by the contin-
uum. In that case, the dilution was produced by an asymmetric
exchange of photons at the thresholds of a passband that is nar-
rower than the local LSF. Here it is due to the inclusion of larger
portions of the continuum in the passband adopted for the XP
spectra than in the one adopted for the HR spectra. When, as in
panel (b), the same passband is adopted in both cases, the per-
formance is determined by the R f , as already established in the
previous experiment. However, the comparisons shown in panels
(c) and (d) of Fig. B.2 show that the HR photometry can be satis-
factorily matched even for R f < 1.4, with XPSP obtained with a
narrower TC than that adopted for the HR spectra. In such a case,
the increased sensitivity of the narrower passband offsets the flux
lost outside of the passband edges. In the limit of the narrowest
synthetic passband, the quantity measured is the height of the
line relative to the continuum, after it is convolved with the LSF.
A limited set of experiments as well as simple models suggest
that with this approach, narrow line photometry in presence of
strong spectral features can be reproduced with XPSP down to
R f & 1.0. In these cases, the best choice of the width of the TC
to be adopted for the XPSP should be determined with experi-
ments like those shown in Fig. B.2, taking into account the LSF
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at the wavelength of the considered line and the TC adopted by
the survey that one intend to calibrate with Gaia XPSP. Finally,
it is worth noting that while passbands with R f < 1.0 cannot
conserve or reliably trace the flux of an emission line, they can
still carry useful information on the spectral feature they are tar-
geting.

Appendix C: Comparisons with stellar models

In this section, we use stellar models to assess the quality of
five standardised photometry systems (Johnson, Pan-STARRS1,
SDSS, Strömgren, HST ACS/WFC). We compare the photom-
etry of seven OCs presented in Table C.1 with the expectations
from theoretical isochrones.

Fig. C.1. Example of isochrone fitting on the cluster NGC 3532. The
first panel is Gaia CMD while the other CMD contained several syn-
thetic bands from Johnson (B, V), Pan-STARRS1 (r, i, z), SLOAN (u,
g, r). The red line is the PARSEC isochrone, the cyan lines show the
binning definition (see C), and the blue dots are the bluer edge of the
colour (x axis) of the stellar distribution.

The set of theoretical isochrones used for the comparison are
taken from the PARSEC library32 v2.1 (the PAdova and TRieste
Stellar Evolution Code; Bressan et al. 2012). The bolometric
correction were calculated using the online tool YBC33 (PAR-
SEC Bolometric Correction; Chen et al. 2019), which interpo-
lates a series of pre-computed bolometric correction tables in
Teff , [Fe/H], log g, and E(B − V). For this work, we use exclu-
sively the calculation performed on the Phoenix synthetic spectra
(Allard et al. 2013).

Cluster parameters are taken from the literature (e.g. from the
catalogue in Bossini et al. 2019, and summarised in Table C.1).
First, we verify the agreement of the isochrone on the observa-
tional CMD in the passbands G against GBP−GRP. Then we com-
pare the isochrones with the standardised photometric bands.

An example can be seen in figure C.1 for the OC NGC 3532,
where we also show our procedure. We first divide the main
32 http://stev.oapd.inaf.it/cgi-bin/cmd
33 http://stev.oapd.inaf.it/YBC/index.html

Fig. C.2. Residuals between the isochrone and the bluer edge of the
colour (x axis) in the Fig. C.1 CMDs. The back solid line is the median
of the deviations while the dashed line represents the MAD.

Fig. C.3. As in Fig. C.2: Residuals between the isochrone and the data
for the selected OCs. The back solid line is the median of the deviations
while the dashed line represents the MAD.

sequence along the G magnitude in bin of 0.1 mag from the turn-
off down to G = 16.00 (blue lines panel). For each bin, we select
the blue edge of the main sequence and compare the standardised
photometry in JKC, PS1, ACS/WFC, SDSS, and Strömgren sys-
tems with isochrone expectations. This procedure allows us to
avoid contamination by unresolved binaries and differential red-
dening that could have blurred the distribution toward the red. In
nearby clusters such as Pleiades, we discard faint main sequence
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Table C.1. Adopted parameters for the sample of open clusters.

cluster log(age) m − M E(B-V) [Fe/H]
dex mag mag dex

NGC2168 8.60 9.33 0.15 -0.21
M44 8.87 6.35 0.03 0.07
M67 9.56 9.73 0.04 0.00

NGC2447 8.75 10.09 0.03 0.00
NGC3532 8.60 8.43 0.02 0.00
NGC6791 9.93 13.08 0.10 0.40
NGC6819 9.30 12.16 0.15 0.00
Pleiades 7.94 5.67 0.05 0.00

Table C.2. Median and MAD of the residuals between the isochrone
and the bluer edge of the colour (x axis) in the Fig. C.1 CMDs for all
the tested photometry against GRP,phot in all seven open clusters.

Photometric median MAD
band mag mag

GBP,phot -0.005 0.020
bStrom,synt 0.039 0.023
yStrom,synt 0.009 0.023
UJKC,synt 0.116 0.076
BJKC,synt 0.023 0.032
VJKC,synt 0.013 0.022
rPS1,synt 0.005 0.011
iPS1,synt 0.023 0.004
zPS1,synt -0.028 0.010
gSDSS,synt 0.039 0.031
rSDSS,synt 0.014 0.011
bStrom,synt 0.039 0.023
F606WACS/WFC,synt 0.001 0.016
F814WACS/WFC,synt -0.001 0.003

stars, since it is well known that stellar models do not reproduce
the colours of low mass stars. The residuals to the isochrones
are reported in figure C.2 for two passbands in each photometric
systems. A similar test is performed on each of the selected OCs
on a total of 4165 stars. The residuals are shown in figure C.3,
while Table C.2 presents the median and median absolute devi-
ation (MAD) of the residual distributions in all the tested pass-
bands for the whole sample.

The agreement is good. Deviations are of the order of a few
hundredths of a magnitude, and reach 0.12 mag for UJKC,synt.

Appendix D: XPSP of red giants in the SDSS
system

The Thanjavur et al. (2021) SDSS Stripe 82 standards sample
contains relatively few red giants (approximately 1800). In order
to explore the behaviour of standardised SDSS XPSP in the
regime of red giants we selected an additional sample of sources
from the SDSS Data Release 17 PhotObjAll by applying the
following cuts:

– 13<psfmag_{u,g,r,i,z}<25
– psfmagerr_{u,g,r,i,z}<1
– type==6
– psfprob>0
– ndetect==nobserve

Fig. D.1. Validation of the performance of the synthetic SDSS griz
bands using the red giant sample sample described in Sect. D. The
arrangement of the plots and symbols follows the convention used in
Fig. 6. The sources in the sample are restricted to those with G <
17.65 mag and in_dr3 flag set to 1.

– clean==1
– BRIGHT & EDGE & BLENDED & SATURATED
& INTERP_CENTER & SATURATED_CENTER &
PSF_FLUX_INTERP flags set to 0.

Additionally, we apply the Gaia filters described above with the
addition of:

– parallax/parallax_error>10.0
– in_dr3==True
– 1.72(GBP − GRP) + 0.7 > MG,

where the last filter describes the linear selection of red giants
from the colour–absolute magnitude (designated MG) diagram.
The absolute magnitudes were derived from photo-geometric
distances published by Bailer-Jones et al. (2021). The final sam-
ple contains almost 74 714 candidate red giant stars, half of
which within ' 3.2 kpc of the Sun, and more than 95% of which
within ' 5.0 kpc. These stars are distributed from the base of
the RGB to just above the Red Clump and in the colour range
1.0 < GBP − GRP < 5.2, with ' 98% of the sources having
GBP − GRP < 3.0. The extension to very red colours is mainly
due to relatively large interstellar extinction values.

The usual plots of ∆mag as a function of G mag and
GBP − GRP colour for this sample are presented in Fig. D.1.
The typical scatter is larger than for the T21 reference sam-
ple, σ ' 20 mmag instead of σ ' 10 mmag at G = 15.2,
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likely owing to the much higher precision of the T21 Stripe 82
photometry with respect to that available over the entire SDSS
area in DR17. However, for riz bands, the median ∆mag is
within a few millimag of zero over most of the colour range
covered by the sample, and in any case within . 10.0 mmag,
while a colour term of amplitude ' 10.0 mmag in the range
1.0 . GBP −GRP . 2.5, reaching an amplitude of ' 20.0 mmag
in the range 1.0 . GBP−GRP . 3.5 is apparent for the more prob-
lematic g band (see Sect. 3.1). In u band (not shown here), the
median ∆mag remains below 10 mmag for GBP−GRP ≤ 1.7, with
σ ≤ 150 mmag in that range. For GBP − GRP > 1.7, the median
difference diverges rapidly. However, only very few sources with
flux_u/flux_error_u>30 can be found in this red realm.

In summary, the results of this validation experiment suggest
that the standardisation of SDSS XPSP we obtained from the
dwarf-dominated T21 reference sample should also be valid for
red giants, with typical accuracy of better than 0.01 mag over a
large range of colours. However, it is worth noting that this test is
mostly limited to K spectral type, and does not probe the coolest
M giants.

Appendix E: Comparison with Stetson’s JKC
secondary standard stars

In Fig. E.1 we validate XPSP in the standardised JKC sys-
tem against the subsample of the (Stetson et al. 2019) secondary
standard stars described in Sect. 3.2, hereafter referred to as Stet-
son’s validating sample. The comparison is limited to the sources
with XP spectra released in DR3 and G<17.65.

For GBP − GRP < 3.0, the median of the residuals in V, R,
and I magnitudes is within '1% of zero, with typical σ ' 0.02−
0.03 mag. For GBP − GRP > 3.0 a significant trend with colour
is observed in I band, reaching an amplitude of '0.1 mag around
GBP −GRP ' 5.0.

The bifurcation occurring in ∆R for GBP −GRP & 2.5 should
probably be attributed to the heterogeneity of R TCs used in the
observations collected by Stetson et al. (2019). For the B band,
the agreement within 1% is limited to the range 0.2 . GBP −

GRP . 2.4, with sizable trends outside, and typical σ ' 0.04 −
0.05 mag, to be attributed to poorer performances in both the
photometries in this passband. As we show below, part of the
observed scatter may be due to field-to-field inhomogeneities in
the the Stetson’s sample.

Figure E.2 focuses on the comparison in the U band. The grey
dots shows the entire sample, while those plotted with the viridis
density scale have flux_U/flux_error_U>30. If we limit our-
selves to this high-S/N sample and consider the median ∆U, we
conclude that the two independent sets of JKC U magnitudes
agree within ' 3.0% over the range −0.4 ≤ GBP−GRP ≤ 1.0. For
redder colours, the onset of a colour trend is perceivable, reach-
ing ∆U ≤ −0.05 mag for GBP −GRP ≥ 1.3. The typical scatter is
σ ' 0.09, but the distribution of grey points illustrates very clearly
how the performances may worsen for S/Ns lower than 30, espe-
cially at red colours (here GBP−GRP & 0.8). We feel that this plot
serves as a further invitation to exercise caution in the use of UV
XPSP, even when limited to the set included in the GSPC.

Fig. E.1. Performances of standardised XPSP in the JKC system
(BVRI) for the Stetson validating sample. We show ∆mag as a function
of G magnitude (left panels) and GBP − GRP colour (right panels) for
the subsample of reference stars whose XP spectra has been released
in Gaia DR3 and G < 17.65 (50468 stars). The arrangement and the
meaning of the symbols is the same as in Fig. 6.

Fig. E.2. Performances of standardised XPSP in the U band of JKC
system for the Stetson validating sample. The meaning of the symbols
and the arrangement of the plot are the same as in Fig. E.1, except for
the y-axes scale, which is much more expanded here. The 29176 stars in
the Stetson validating sample having their XP spectra released in Gaia
DR3, G < 17.65, and valid US tet and US T D magnitudes are represented
as grey dots, while those shown as a viridis density maps are the 9157
that also have flux_U/flux_error_U>30. P50, P16, and P84 lines refer
to the latter subsample.
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Appendix F: Examples of queries

Thanks to the availability of the GSPC table
(gaiadr3.synthetic_photometry_gspc) along-side other
Gaia DR3 tables, it is straightforward to perform various
selections and extraction of additional parameters from the
archive interface. In this Appendix we provide an example.
Users will be able to modify the example query to fulfill their
needs.

The query

1 SELECT dr3.source_id, dr3.ra, dr3.dec, dr3.
parallax, dr3.parallax_over_error, dr3.ruwe,
gspc.g_sdss_mag, gspc.i_sdss_mag FROM gaiadr3.
gaia_source AS dr3

2 INNER JOIN gaiadr3.synthetic_photometry_gspc AS
gspc

3 ON dr3.source_id=gspc.source_id
4 WHERE ABS(gspc.c_star)<(0.0059898 + 8.817481e-12 *

POWER(dr3.phot_g_mean_mag, 7.618399))

joins the GPSC table with the main gaia_source table and
selects a few parameters from each but only for sources that have
an absolute corrected BP/RP flux excess factor smaller than the
1σ relation suggested in Riello et al. (2021).

The resulting dataset can be reduced in size by using the
random_index available in gaia_source: For instance, by
adding

1 AND dr3.random_index<1811709

the query would effectively run on a 0.001 random selection of
the Gaia source catalogue. Similar joins can of course be made
with a user-defined input list of source identifier.

The result of this can then be uploaded as a new user-defined
table, here called gspc_plus. The user could then for instance
generate a CMD in SDSS g− i as colour and absolute magnitude
gabs (here simply computed using the inverse of the parallax to
approximate the distance). The following query shows how to do
this:

1 SELECT col_index / 40 AS col, mag_abs_index / 10
AS mag_abs, n FROM (

2 SELECT
3 floor((g_sdss_mag-i_sdss_mag) * 40) AS

col_index,
4 floor((g_sdss_mag + 5 * log10(parallax) - 10) *

10) AS mag_abs_index,
5 count(*) AS n
6 FROM user_xxxx.gspc_plus
7 WHERE parallax_over_error > 5
8 GROUP BY col_index, mag_abs_index
9 ) AS subquery

On the other hand, the following query extracts some
parameters from gaiadr3.gaia_source and some from
gaiadr3.synthetic_photometry_gspc, taking all the rele-
vant GSPC quantities for the selected photometry, for a cone of
radius 1.0 deg centred on the globular cluster NGC 5139 (ω Cen-
tauri):

1 SELECT dr3.source_id, dr3.ra, dr3.dec, dr3.pmra,
dr3.pmra_error, dr3.pmdec, dr3.pmdec_error,
dr3.ruwe,

2 gspc.c_star, gspc.u_jkc_mag, gspc.u_jkc_flux,
3 gspc.u_jkc_flux_error, gspc.u_jkc_flag,
4 gspc.b_jkc_mag, gspc.b_jkc_flux,
5 gspc.b_jkc_flux_error, gspc.b_jkc_flag,
6 gspc.v_jkc_mag, gspc.v_jkc_flux,
7 gspc.v_jkc_flux_error, gspc.v_jkc_flag,
8 gspc.y_ps1_mag, gspc.y_ps1_flux,
9 gspc.y_ps1_flux_error, gspc.y_ps1_flag,

10 gspc.f606w_acswfc_mag, gspc.f606w_acswfc_flux,
11 gspc.f606w_acswfc_flux_error, gspc.

f606w_acswfc_flag
12 FROM gaiadr3.gaia_source AS dr3
13 JOIN gaiadr3.synthetic_photometry_gspc AS gspc
14 ON dr3.source_id=gspc.source_id
15 WHERE
16 CONTAINS(
17 POINT(’ICRS’,dr3.ra,dr3.dec),
18 CIRCLE(
19 ’ICRS’,
20 COORD1(EPOCH_PROP_POS

(201.697,-47.479472,.1368,-3.2400,

21 -6.7300,234.2800,2000,2016.0)),
22 COORD2(EPOCH_PROP_POS

(201.697,-47.479472,.1368,-3.2400,

23 -6.7300,234.2800,2000,2016.0)),
24 1)
25 )=1

Appendix G: ∆ mag diagrams for standardised
systems

In this Appendix, we show the ∆mag distributions as a function
of G magnitude and BP-RP colour, before and after the standard-
isation process –as done in Fig. 6 and Fig. 9 for the SDSS and
JKC systems– for all the remaining standardised systems dis-
cussed in Sect. 2.2 and Sect. 4, including the JKC U and SDSS u
bands discussed in Sect. 3.3. The reference sets of standard stars
adopted are described there. In all the figures, comparisons of
∆mag as a function of G magnitude are performed on the entire
reference sample, including G > 17.65 stars that are required to
model the hockey-stick effect, while those of ∆mag as a function
of GBP-GRP colour are limited to the subsample of stars with XP
spectra released in DR3 (see Sect. 2).

The ∆mag distributions for the standardised UV magnitudes
are presented in Fig. G.1 and Fig. G.2. Those for the PS1 system
are shown in Fig. G.3, with a focus on variable stars and high
|C?| stars in Fig. G.4. The cases of the standardised HUGS and
Strömgren magnitudes are illustrated in Fig. G.5 and Fig. G.6,
respectively.

The values of P50, P16, and P84 as a function of G magnitude
for the ∆mag distributions of stars of the reference samples with
XP spectra released in DR3, for the PS1, HUGS, and Strömgren
standardised magnitudes are listed in Tables G.1, G.2, and G.3,
respectively, in the same way as done for the SDSS and JKC
systems in Tables 1 and 2, respectively.
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Fig. G.1. Performance and standardisation of JKC U band XP synthetic magnitudes using the reference sample described in Sect. 3.2. Left set
of panels: ∆mag as a function of G magnitude for the entire sample using nominal XP synthetic magnitudes (left panel) and standardised XP
synthetic magnitudes (right panel). In each panel, the continuous red line connects the median ∆mag computed in 0.2 mag wide bins, the dashed
red lines connect the loci of the 15.87% (P16) and the 84.13% (P84) percentile computed in the same bins. The median (P50) and the difference
between P84 and P16, here used as a proxy for the standard deviation σ, for the entire sample are reported in the upper left panel of each panel.
Right set of panels: the same for ∆mag as a function of BP-RP colour, limited to the subsample of reference stars having XP spectra released in
DR3.

Fig. G.2. Performance and standardisation of SDSS u band XP synthetic magnitudes using the reference sample described in Sect. 3.1. The
arrangement of the plots and symbols are the same as Fig. G.1, above.

Table G.1. PS1 system: median (P50)) and 15.87% (P16) and 84.13% (P84) percentiles of the ∆mag distributions of Fig. 13. n? is the number of
sources in the considered bin.

G P50(∆g) P16 P84 P50(∆r) P16 P84 P50(∆i) P16 P84 P50(∆z) P16 P84 P50(∆y) P16 P84 n?
mag mmag mmag mmag mmag mmag mmag mmag mmag mmag mmag mmag mmag mmag mmag mmag

14.0 8.7 1.2 14.9 6.5 -0.1 12.0 2.7 -2.3 13.3 4.8 -3.2 9.9 -4.2 -10.8 2.4 40
14.4 6.6 -0.6 13.4 8.2 -0.0 16.1 3.8 -1.7 11.4 5.0 -2.5 12.7 -3.6 -11.8 7.1 138
14.8 2.6 -4.0 11.4 5.3 -1.0 12.8 4.1 -1.3 9.8 5.2 -1.3 13.2 -3.9 -14.5 6.6 308
15.2 1.7 -7.9 10.2 4.1 -4.1 11.8 3.3 -2.4 9.7 4.1 -2.6 11.5 -3.0 -14.7 7.6 584
15.6 -0.4 -10.1 8.4 2.2 -5.2 9.3 2.2 -4.4 8.1 3.5 -3.9 10.7 -2.2 -14.5 10.2 901
16.0 -0.7 -10.8 8.9 0.7 -6.8 8.5 0.8 -5.8 7.2 1.7 -5.5 9.6 -1.8 -14.9 13.4 1391
16.5 -1.9 -13.5 9.5 -1.2 -9.6 6.9 -0.7 -8.3 6.0 0.2 -8.1 8.2 -1.0 -16.4 14.9 2099
16.9 -2.2 -15.5 11.5 -2.9 -12.3 6.3 -2.4 -10.7 5.6 -1.0 -10.5 8.5 0.3 -17.6 20.4 3178
17.3 0.2 -16.0 18.3 -3.2 -14.6 7.2 -3.7 -12.9 5.2 -1.4 -11.8 9.1 2.9 -19.7 28.1 4509
17.7 2.6 -16.6 24.0 -2.9 -15.8 8.8 -3.9 -14.3 6.6 -2.2 -14.3 10.1 6.5 -21.1 35.8 2219

Table G.2. Standardised HST magnitudes: median (P50)), 15.87% (P16) and 84.13% (P84) percentiles of the ∆mag distributions of Fig. 14. n? is
the number of sources in the considered bin. F438W is from the WFC3/UVIS passbands set, F606W and F814W from the ACS/WFC set.

G P50(∆F438W) P16 P84 P50(∆F606W) P16 P84 P50(∆F814W) P16 P84 n?
mag mmag mmag mmag mmag mmag mmag mmag mmag mmag

11.4 18.2 -23.4 53.8 4.6 -2.6 91.1 10.0 -6.1 84.0 36
12.2 10.6 -22.2 50.8 4.7 -9.6 25.7 -1.0 -19.3 24.0 87
13.0 3.4 -17.3 36.3 0.4 -8.1 11.3 -3.5 -14.9 12.2 117
13.8 2.6 -18.9 30.9 -1.0 -9.4 8.6 -6.8 -16.0 6.9 142
14.5 2.6 -14.2 23.9 1.7 -7.8 11.1 -2.5 -19.0 12.6 118
15.3 -4.3 -20.6 14.6 1.4 -10.4 12.9 0.8 -16.5 14.3 132
16.1 -9.3 -28.6 6.8 -2.2 -13.8 11.0 -4.1 -20.0 13.1 109
16.9 -15.4 -36.8 13.1 -7.3 -15.6 4.7 -4.1 -27.1 11.7 145
17.7 -21.4 -43.9 14.1 -7.7 -23.8 3.5 -11.2 -39.5 12.1 67
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